Conservation monitoring and species extinction DB Lindenmayer et al.
T he continuing loss of biodiversity is a serious global problem (Butchart et al. 2010) . Of the 63 837 species assessed worldwide using the International Union for Conservation of Nature (IUCN) Red List criteria, 865 are extinct or extinct in the wild and 19 817 are listed as critically endangered, endangered, or vulnerable to extinction (IUCN 2012) . Since the start of the 21st century alone, at least 10 species of vertebrates are known to have gone extinct, although this is likely to be a substantial underestimate. The only way to know whether populations of a species are declining is by monitoring them, thus making monitoring an essential conservation activity.
There are a variety of reasons to monitor biodiversity, including learning about a species' ecology and population biology, reporting on the state of biodiversity, and estimating the state of (or detecting changes in) populations so that appropriate actions can be taken (Yoccoz et al. 2001) . However, when a monitoring program is funded under the specific objective of conserving a species that has been identified as imperiled, it would seem reasonable to expect that the monitoring would, at the very least, aim to detect population changes that trigger specific and timely conservation actions, and/or clarify aspects of the species' ecology or population biology that are most immediately relevant to improving the effectiveness of conservation actions. Unfortunately, conservation monitoring programs commonly (1) track the state of a population without any plan for what will be done if a given change is observed or (2) collect information on the species' ecology or population biology that has no immediate relevance to decisions about the most appropriate course of action to prevent extinction. The end result may be that the decline and extinction of species is accurately recorded without any effective attempts at mitigation.
Monitoring a species until it becomes extinct is clearly not a conservation policy that would ever be earnestly proposed. Yet the conservation literature contains many examples of threatened or endangered species being monitored until they went locally, regionally, or globally extinct (WebTable 1). This unfortunate phenomenon may become more frequent in the future, given both the large number of imperiled species globally (IUCN 2012) and the prevalence of poorly designed and implemented biodiversity monitoring programs (Nichols and Williams 2006; Lindenmayer and Likens 2010) that lack a sound REVIEWS REVIEWS REVIEWS Counting the books while the library burns: why conservation monitoring programs need a plan for action Conservation monitoring programs are critical for identifying many elements of species ecology and for detecting changes in populations. However, without articulating how monitoring information will trigger relevant conservation actions, programs that monitor species until they become extinct are at odds with the primary goal of conservation: avoiding biodiversity loss. Here, we outline cases in which species were monitored until they suffered local, regional, or global extinction in the absence of a preplanned intervention program, and contend that conservation monitoring programs should be embedded within a management plan and characterized by vital attributes to ensure their effectiveness. These attributes include: (1) explicit articulation of how monitoring information will inform conservation actions, (2) transparent specification of trigger points within monitoring programs at which strategic interventions will be implemented, and (3) rigorous quantification of the ability to achieve early detection of change. In a nutshell:
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• Monitoring is a critical part of effective species conservation, but many species are being monitored until they go extinct • Management intervention should be triggered when it becomes apparent that a monitored species is in decline • Most conservation monitoring programs lack preplanned interventions and a clear statement about how the information derived from monitoring will help to conserve the species • Conservation monitoring programs and management plans should identify trigger points for prespecified management interventions decision framework and fail to include thresholds of change that trigger conservation actions commensurate with the magnitude of the observed decline.
Here, we summarize cases in which species were monitored passively (ie without effective management intervention) until they became locally or even globally extinct (WebTable 1). On the basis of the compiled examples, we infer some of the reasons behind the failure to prevent extinctions. To further demonstrate manifestations of the symptoms associated with monitoring and management failure, we focus on the example of the greater glider (Petauroides volans), an Australian marsupial that was monitored until it became regionally extinct. We also present an overview of 191 threatened species recovery plans (WebTable 2) to explore the degree to which existing biodiversity monitoring and associated recovery programs are designed to activate changes in management early enough to provide a reasonable chance of avoiding extinction. Finally, we make five key recommendations aimed at improving conservation monitoring programs and decreasing the chances of species disappearing despite being monitored.
n Species that were monitored without management intervention until they went extinct After searching the published scientific literature and contacting colleagues (see Acknowledgements) for examples of species that suffered local, regional, or global extinction while being monitored, we identified 34 such cases (WebTable 1; Figure 1b ). There are likely to be additional cases that were never formally reported or have only been described in non-peer-reviewed literature.
The cases highlighted in WebTable 1 cover a range of species in mostly western countries. Examples are dominated by mammals and amphibians, although several species of birds are also represented. Cases of reptiles, fish, and invertebrates were rare, although this may reflect a taxonomic bias in organisms that tend to be monitored and for which extinction risk assessments are undertaken.
The likely causes of decline in many of the examples appear to be relatively well known: for example, the West African black rhinoceros (Diceros bicornis longipes) through poaching, and the Bay checkerspot butterfly (Euphydryas editha bayensis) as a result of the loss of host plants through alien plant species invasion. However, the cause of extinction was unknown in 14 of the 34 examples, particularly among amphibian species. Eight of these case studies had management and/or conservation plans prior to extinction but in many instances these appear to have been implemented too late and were ineffective (eg Kihansi spray toad [Nectophrynoides asperginis], po'ouli [Melamprosops phaeosoma], Christmas Island pipistrelle [Pipistrellus murrayi]) . Surprisingly, we rarely found documentation of attempts to secure a viable captive population or even a discussion as to why such action would be unlikely to succeed. Our literature search revealed that failure to strategically plan for action in response to monitoring data is an international phenomenon that includes many countries, including the US and Australia, with relatively high national investments in conservation management as well as strong communities of conservation practitioners.
n Cases of insufficient knowledge and unknown drivers of decline Examples listed in WebTable 1 and our case study below highlight instances where the drivers of decline and eventual extinction were unknown. There are at least two interrelated ways to address this problem. One method is to carefully weigh potential threatening processes and eliminate those that evidence and logic suggest are unimportant, leaving the remainder as likely factors underpinning decline. Analysis of the rapid loss of bird populations on the North Pacific island of Guam is a powerful illustration of this approach (Savidge 1987) . Studies that quantify the specific driver or drivers of Runge et al. 2011 ). An elegant example is the long-term work by Thomas et al. (2009) on threatened Maculinea spp butterflies in the UK. These authors showed that the larvae of these butterflies produce secretions that are consumed by a particular species of ant. These ants in turn protect the larvae from predation and even escort newly emerged adults from the ant nest to the surface. Thomas et al. (2009) demonstrated that ecosystem changes in vegetation structure triggered by subtle changes in grazing led to replacement of the host ants required by butterfly larvae by other ant species that were unsuitable hosts.
n A case study in which a species was monitored until it went extinct A biodiversity monitoring program has been in place since 2003 in the 6600-ha Booderee National Park in southern Australia. The program is based on 134 permanent field sites. Part of the work is focused on populations of nocturnal arboreal marsupials . One species, the greater glider (Figure 2a The reasons for the population collapse of the greater glider remain unclear. It may be a side-effect of widespread feral predator control leading to either an increase in the population of large forest owls in Booderee with a subsequent increase in predation pressure on greater gliders (Dexter et al. 2012) , and/or an increase in competition for hollows in large trees between gliders and larger arboreal marsupials, such as the common brushtail possum (Trichosurus vulpecula), that have been increasing in abundance after populations of the exotic red fox (Vulpes vulpes) were controlled .
Another species of arboreal marsupial, the yellow-bellied glider (Petaurus australis; Figure 2c ), went extinct in Booderee in the late 1980s. The common ringtail possum (Pseudocheirus peregrinus) is exhibiting a population trajectory similar to that shown in Figure 3 for the greater glider; the former species occupied 71 (~50%) sites in 2003 but has been recorded at fewer than five of 134 (~4%) field monitoring sites since 2009 (Lindenmayer et al. unpublished data) .
The original design of the biodiversity monitoring program at Booderee National Park did not include trigger points for management action, despite the past local extirpation of the yellow-bellied glider in the park. Although the more recent extinction of the greater glider raised concern among management staff and researchers, decisions about how the monitoring program and management practices might be altered have yet to be made. This may be due to a perceived lack of resources and practical options to address possible threats; for example, large predatory owls are also taxa of conservation concern and culling those owls is currently not a management option. Because none of these species are listed as nationally endangered, captive breeding is not considered to be an economically viable option for conservation of local genetic variation. What might have been done differently in Booderee to have avoided the local extirpation of the greater glider? First, the monitoring program itself should have been modified using an "adaptive monitoring" approach (sensu Lindenmayer and Likens 2009) that would have increased the frequency of surveys from 1 to 3-4 annually, to confirm earlier that a substantial population decline was occurring. Second, a process of assessing the potential drivers of decline should have been instigated, with likely candidate factors distinguished from those that were implausible. These factors could then have been examined as part of adapting the existing monitoring design. Finally, the management plan (Director of National Parks 2011) could have been revised to include trigger points for action as soon as further evidence of decline was compiled; the inclusion of trigger points would have been appropriate given recent extinctions in Booderee National Park and the many species of conservation concern therein. These actions could have included, for example: (1) the capture, removal, and translocation of pairs of large owls -such as the powerful owl (Ninox strenua; Figure 2b ) -from the reserve using such methods as playback calling and subsequent trapping (Soderquist et al. 2002) , or (2) an experimental reintroduction of the greater glider using individuals captured from elsewhere in the region to test competing hypotheses about the decline being driven by greater numbers of large forest owls versus interspecific competition for tree hollows. A proposal to undertake such an experimental reintroduction program was developed in 2012 and estimated to cost approximately US$160 000, but the program has not taken place because of budget constraints and other conservation program priorities.
n The importance of monitoring and its links with adaptive management
Many monitoring programs, including those aimed at conserving biodiversity, are poorly designed and/or fail (Lindenmayer and Likens 2010) . Better designed monitoring programs must have trigger points to instigate action when a major decline in a population is observed. This is particularly important when several different species are disappearing in a given area (eg Savidge 1987; Woinarski et al. 2011) . Actions may include specific experimental interventions to determine the causal processes underlying the decline that then help target actions (Runge et al. 2011) .
Integrating monitoring and management planning and management intervention is clearly within the realm of strategic adaptive management (sensu Walters 1986), where adaptive management is "learning by doing", with the aim of combining the need for immediate action with a plan for learning (van Wilgen and Biggs 2011). Adaptive management has been widely advocated largely because of the intuitive appeal of evidence-based systems for environmental and biodiversity management. A part of this approach can include changing the monitoring regime itself (ie adaptive monitoring; sensu Lindenmayer and Likens 2009), such as increasing the frequency of monitoring to more rigorously quantify changes as well as monitoring the effectiveness of interventions designed to prevent the decline or extinction of a species.
Despite the extensive literature on adaptive management, there are few, practical, on-the-ground examples of successful implementation in biodiversity conservation (Westgate et al. 2013 ). The approach is particularly difficult to implement for rare and/or imperiled species because limited numbers of individuals or small population sizes complicate establishing replicated experiments (although see Mackenzie and Keith 2009).
n Suggested strategies
We have drawn attention to some of the many cases wherein a species was monitored passively until it suffered local, regional, or global extinction due to the absence of a preplanned intervention program (WebTable 1). This is not meant as a criticism of ecological or conservation monitoring per se, since these are critical for understanding the ecology of a species, determining its threat status, and evaluating conservation management options. However, our analysis indicates that many existing conservation monitoring programs are not as effective as they could be at collecting information and prompting relevant actions. The following section outlines five key recommendations for improving conservation monitoring. Furthermore, we suggest that initiatives like the widely adopted IUCN Red List (IUCN 2012) be modified so that conservation monitoring and species recovery programs include well-defined trigger points for management intervention and guidance on what those management actions should be.
Recommendation 1: explicit articulation of monitoring objectives
Most conservation monitoring programs do not include a plan for exactly how the monitoring information will be used (Wintle and Lindenmayer 2008). Monitoring Year should aim to resolve uncertainties about how potential management actions change the system (eg what is the effect of feral predator control on adult survival rates in a threatened small mammal population?). The use of monitoring in this context can be broadly thought of as "learning" and generally involves using monitoring data to update or compare competing models of cause and effect. For monitoring information to be useful in resolving uncertainty about the relative effectiveness of conservation actions, it is critical that the correct "state variable" (eg juvenile survival, total population size) is monitored. However, the most appropriate state variable to be monitored is not always obvious; for example, if the long-term persistence of a species is highly dependent on juvenile female survival, then focusing on total population size may be a relatively inefficient way to evaluate the effectiveness of a proposed management action that targets juvenile female survival. In such a case, it may be more effective to concentrate on estimating changes in juvenile female survival. While this may seem trivial, many monitoring programs focus on estimating total population size irrespective of the type of management actions being implemented. Establishing firm links between conservation objectives, testing hypotheses of cause and effect that relate to threats, mitigating actions, and determining the state variable that most directly indicates the performance of management will improve conservation monitoring. The effective use of monitoring to trigger timely planned conservation actions is equally reliant on a clear specification of conservation management objectives and identification of thresholds of acceptable and unacceptable change. Such thresholds are a risk management approach that reflects stakeholder preference for levels of risk. Because change normally cannot be observed with perfect accuracy, risk preferences must consider both the estimated magnitude of a change and the certainty with which the change is estimated. For example, a 30% decline in a population over 10 years may be considered acceptable under some circumstances if it was certain that the decline was truly only 30%. Given estimation uncertainty, a best estimate of decline in abundance of 30% may mean that there is a 40% chance that the true decline is greater than 50%. These kinds of calculations are important to predetermine trigger points and ensure they are planned for well in advance.
Recommendation 2: trigger points
Many of the examples in WebTable 1 lacked built-in trigger points to activate management intervention in response to observed population changes. This omission is common in plans designed to recover and conserve species. We examined Australian species recovery plans published for threatened or endangered mammals, reptiles, amphibians, fish, and invertebrates (WebTable 2); only five of 122 recovery plans for 191 listed species made reference to monitoring programs with defined trigger points for management intervention in the event of a collapse in population size or rapid reduction in range (WebTable 2). For one of the five recovery plans -that for the Christmas Island pipistrelle -the trigger point was verification of a substantial population decline, which resulted in a legislative decision to uplist the conservation status to critically endangered. However, that action had little effect, given that the species is now believed to be extinct (Martin et al. 2012) .
Our assessment of the scientific literature indicates there are only a few examples in which biodiversity monitoring programs contain formal and well-articulated trigger points. One of the best-known is that for the northern spotted owl (Strix occidentalis caurina) in western North America (USFWS 2011; US DOI 2012) . Though, even in this case, the recovery actions are relatively generic and "aspirational", without clearly specified trigger points such as an increase of x% in the amount of reserved forest or numbers of competing owl species controlled in the event of a y% reduction in the abundance of the northern spotted owl over z years.
We are aware of cases where preemptive action was taken to support the conservation of a given species prior to major impacts arising from external threats. High-profile cases include the introduction of the northern quoll (Dasyurus hallucatus) to offshore islands before the imminent invasion of the cane toad (Bufo marinus) in northern Australia (Rankmore et al. 2008) , and the translocation of the Puerto Rican parrot (Amazona vittata) and the black-footed ferret (Mustela nigripes) in response to the potential risks to remaining populations from hurricanes and disease, respectively (Lacy et al. 1989; Oakleaf et al. 1993) . These actions arose from far-sighted risk assessments and were not in response to triggers for management intervention formally embedded within a monitoring program, management plan, or a species recovery program.
Some examples of trigger points include an a-priorinominated percentage decline in population, duration of population decline, loss of numbers of subpopulations, or reduction in the distribution of a species (eg Figure 4) . Identification of optimal trigger points could be achieved in a particular context, given more detailed knowledge about the costs, plausibility, and expected benefits of particular intervention actions (eg McDonald-Madden et al. 2010) .
Recommendation 3: plans for management action when trigger points are passed
Trigger points must be accompanied by plans for the management actions that will be initiated, such as the removal of a proportion of the remaining population into captivity, the translocation of animals to other (nondeclining) subpopulations, or a concerted effort to address key threats, if known. The appropriate responses to an observed population decline depend on the magnitude of the decline, the time period over which the decline was observed, whether the cause is well understood, the plausibility and cost of response actions, the size of the remaining population, and the need for further information. This range of factors means that it is not possible to identify a universally applicable set of actions that are most appropriate at particular levels of observed population decline. Nonetheless, it should be possible to identify a range of responses (Figure 4 , blue panels) to observed declines (Figure 4 , red panels) that may be appropriate given a particular context. The indicative percentages shown in Figure 4 are based on our experience with declining and/or threatened species as well as designing monitoring programs and do not represent optimized trigger points.
Recommendation 4: power to detect change
The statistical power of a monitoring program is loosely defined as the probability that a change of a given magnitude will be detected if it occurs. Sufficient power to detect change lies at the heart of effective conservation monitoring programs (Nichols and Williams 2006) . Statistical power in monitoring is influenced by the number, intensity, and frequency of field samples; the area covered by surveys; the level of change that needs to be detected; and the natural temporal fluctuations in population size.
The results of statistical power analyses should be published as part of the documentation for conservation monitoring programs. This may help to identify when and how such programs need to be modified to ensure that changes of concern do not go unnoticed and unmanaged.
Recommendation 5: developing mechanisms for learning
It is critical that lessons be taken from past experiences of extinction of monitored species. Frequent publication of monitoring outcomes and species recovery efforts would provide a sound basis for action and learning. This should include documentation of failures, as these often provide important suggestions for improvement (Redford and Taber 2000) . For every species that goes extinct, we also recommend publishing a "why it went extinct obituary", which could be updated and published every few years as part of the IUCN Red List.
n Caveats A key problem with the application of trigger-based conservation monitoring programs that are linked with management plans is that monitoring can be expensive. Indeed, such programs are often the last item funded in a budget and the first to be cut when financial constraints are imposed (Wintle and Lindenmayer 2008) . We argue that the conservation community must: (1) advocate vigorously for appropriate funding for welldesigned monitoring programs with high levels of statistical power to be embedded within conservation plans and to include clearly stated objectives, and (2) develop more cost-effective strategies for conservation monitoring programs, such as using rotating sampling methods (Welsh et al. 2000) and increasing reliance on citizen scientists to aid in collecting high-quality empirical data (Gardiner et al. 2012) .
Finally, we recognize that even when effective monitoring and management are present and the drivers of decline have been identified, barriers such as lack of funding, stakeholder conflict, and cultural issues can thwart attempts to conserve particular species under threat (eg Rabinowitz 1995) .
